. They all have the same Pnma space group, but different lattice constants (Table I) . Big blue spheres, grey spheres and small green spheres represent Li, B and H atoms, repressively. Light grey polydehra represent [BH4] units. [1] [2] [3] [M (BH 4 ) n , where M is an alkali or alkaline earth metal] have received considerable attention as hydrogen storage materials due to their high gravimetric capacities of hydrogen. In particular, LiBH 4 4-7 contains 18.3 wt.% H 2 , which, if fully released, would be well above the system target for passenger vehicles.
Metal borohydrides
2, 3 The LiBH 4 crystal structure has been experimentally investigated using X-ray diffraction (XRD) at 293 K by Soulié et al. 8 and at 90 K by Filinchuk et al. 5 , and using neutron powder diffraction (NPD) at 3.5 K by Hartman et al. 9 . In all of these experimental studies 5, 8, 9 , the authors suggest that the LiBH 4 structure is in the Pnma space group over a wide range of temperatures (3.5, 90 and 293 K). The LiBH 4 crystal structures (lattice constants and atomic positions) proposed in the Hartman et al. 9 and Filinchuk et al. 5 works are nearly the same (both relax to the same structure in our DFT calculations). The structure proposed by Soulié XRD 8 is slightly different than those other two, mainly is the positions of the hydrogen atoms. [The experimental XRD and NPD determined LiBH 4 Pnma structures are denoted as Pnma-XRD ( Fig. 1-a) and Pnma-NPD ( Fig. 1-b ) in the paper, respectively.]
In recent work 10 , Tekin et al. used a simulated annealing (SA) method to predict low-energy structures of LiBH 4 using the pseudopotential DFT code CASTEP. They surprisingly report six structures that are lower in energy than the LiBH 4 structure determined by Soulié using XRD (Pnma-XRD, Fig. 1-a) . In particular, Tekin et al. 10 found that their theoretically predicted LiBH 4 ground state structure also has the Pnma space group (we denote the structure as Pnma-SA, Fig. 1-c) , and these authors found that their predicted Pnma-SA structure is 9.66 kJ/(mol LiBH 4 ) (or ∼100 meV/fu) lower in energy than the Soulié Pnma-XRD LiBH 4 structure.
Reliable low-T or ground-state structures play a vital role in understanding the properties of complex metal hydrides, such as decomposition pathways; a 10 kJ/(mol LiBH 4 ) energy difference in the LiBH 4 compound can change the calculated H 2 released temperature by ∼100 K in the thermodynamic stable reaction 11 (LiBH 4 → omitted the experimental NPD determined LiBH 4 structure from Hartman (Pnma-NPD, Fig. 1-b) , which we have included here. In this paper, we use density-functional theory (DFT) with various exchange-correlation functionals and potentials to probe these experimentally determined (Pnma-XRD and Pnma-NPD) and theoretically predicted (Pnma-SA) LiBH 4 crystal structures. From our DFT calculations with frozen phonon approximations, we show that the theoretically predicted Pnma-SA LiBH 4 structure (Fig. 1-c) does not have a lower energy than the experimentally observed Pnma-XRD structure ( Fig. 1-a) ; instead these energies are degenerate, and a relatively flat potential energy landscape exists between them. Our calculations thus resolve the contradiction between experimentally reported and DFT predicted structures of LiBH 4 .
We perform DFT calculations using the Vienna Ab Initio Simulation Package (VASP) code with the projector augmented wave (PAW) scheme 12 . We use the exchange-correlation functional (XC) from the generalized gradient approximation (GGA) proposed by Perdew, Burke and Ernzerhof (GGA-PBE) 13 as well as Perdew and Wang (GGA-PW91) 14 . The energy cutoff for the plane wave expansion is 875 eV. We treat 1s 2 2s 1 , and 2s 2 2p 1 as valence electrons in Li and B atoms, respectively. Additionally, we perform calculations with ultra-soft pseudopotentials (US) and GGA-PW91 in VASP, which we compare to the previous US results on LiBH 4 7,10 . The Brillouin zones are sampled by and Pnma-SA 10 ) calculated by DFT using different XC (PBE and PW91) and different potentials (PAW, US and FLAPW). The value is the energy difference relative to the lowest DFT energy in each row. (units: meV/fu)
Monkhorst-Pack 16 k-point meshes chosen to give a roughly constant density of k-points (30/Å −3 ) for all compounds. Atomic positions and unit cell parameters are completely relaxed using different XC and potentials in VASP (PAW-GGA-PBE, PAW-GGA-PW91 and US-GGA-PW91) until all forces and components of the stress tensor are below 0.01 eV/Å and 0.2 kbar, respectively. Phonons are calculated using the supercell force constant method (as implemented in the program described in Ref. 17) within the PAW-GGA-PBE scheme, and the vibrational entropies and enthalpies are obtained by integration over the calculated phonon density of states.
In order to test the accuracy of VASP-PAW calculations, we further use the PBE functional in the WIEN2k code 15 , which implements the all-electron full-potential linearized augmented plane wave (FLAPW) method, to obtain the total energies of the LiBH 4 compounds. In the FLAPW calculations, Muffin tin spheres for Li, B and H are R In Table I , we show the lattice constants and selected interatomic distances of XRD determined (Pnma-XRD) 8 , NPD determined (Pnma-NPD) 9 and theoretically predicted (Pnma-SA) 10 LiBH 4 structures. There are significant differences in the Pnma-NPD and -SA structures, especially in the lengths of the a and c basis vectors. Each structure is then fully relaxed using DFT (VASP) calculations. As shown in Table I , the resulting lattice constants are similar in calculations using different exchange-correlations (PBE and PW91) or potentials (PAW and US). The largest deviation in lattice constants between our results and those in the Refs. 8-10 is ∼0.2Å. For the XRD determined LiBH 4 structure (Pnma-XRD), our relaxed lattice constants agree well with previous pseudopotential calculations (a=7.34Å, b=4.40Å, c=6.59Å) from Miwa et al. 7 and (a=7.25Å, b=4.37Å, c=6.56Å) from Tekin et al. 10 For the interatomic distances such as Li-B and B-H (Table I) , our DFT relaxed distances of Pnma-NPD and -SA LiBH 4 structures are similar to those in the Refs. 9 and 10, respectively. However, we find differences of 0.13Å and 0.2Å in the Li-B and B-H distances when comparing the experimental XRD determined structure (Pnma-XRD) with those in the corresponding DFT relaxed structures (Table I) ; we note that our B-H bond lengths are consistent with those from previous US-PBE calculations 7 (B-H: 1.23∼1.25Å).
The energies obtained from our static energy calculations (PAW-PBE, without vibrational contributions) are shown in Table II . For the three LiBH 4 structures taken from Refs 8-10 , without geometry relaxations, our PAW-PBE calculations show that the energy of the Pnma-XRD LiBH 4 structure is much higher than that of the other two LiBH 4 structures (Pnma-SA and -NPD), due to a short B-H bond in the Pnma-XRD structure: 1.03Å (Table I) . Additionally, the energy of the Pnma-NPD LiBH 4 structure (Pnma-NPD) is only 6 meV/fu higher than that of the theoretically predicted LiBH 4 structure (Pnma-SA). Following geometry relaxations (Table II) of the three LiBH 4 structures (Pnma-XRD, -NPD and -SA), we find that the resulting energies are degenerate within ∼2 meV/fu (the theoretically predicted Pnma-SA LiBH 4 structure is even 2 meV/fu higher in energy than both the XRD and NPD structures). Furthermore, this degeneracy persists even when different potentials and XC (PAW-PW91 and US-PW91) are used (Table II) . To test the accuracy of VASP-PAW calculations, we further use FLAPW with the PBE functional to obtain the total energies of the three LiBH 4 compounds using unrelaxed and VASP-PAW-PBE relaxed structures. We find that the energy differences (Table II) between the three LiBH 4 structures are very similar using the two potentials (FLAPW and PAW), which indicates that the projector augmented wave (PAW) approximations can accurately reproduce the energetic trends of the all-electron and full-potential method (FLAPW), and gives us confidence that the VASP-PAW results are reliable. Using the static energies shown in Table II , we find that the experimental structures are indeed the ground state and that the structure obtained from simulated annealing method (SA) is actually higher in energy (not ∼100 meV/fu lower as reported in Ref. 10) .
To further understand the vibrational contributions (zero-point energy and finite-temperature effects) on the structural stabilities, we next calculate the Gibbs free energies (Fig. 2) of the three (DFT-relaxed) LiBH 4 structures (Pnma-XRD, -NPD and -SA). From Fig. 2 , the free energies of the experimentally determined LiBH 4 structures (Pnma-XRD and -NPD) are clearly degenerate. We find the theoretically predicted Pnma-SA LiBH 4 structure is ∼10 meV/fu higher in energy than the ground state experimental structures (Pnma-XRD and -NPD), strongly contradicting the results in Ref. 10 , where this structure is predicted to be ∼100 meV/fu below the experimental XRD structure (Pnma-XRD). Therefore, our results show that the theoretically predicted LiBH 4 structure (Pnma-SA) is not a the lowest-energy DFT structure as described in Ref. 10 . Moreover, we calculate the formation enthalpy of LiBH 4 with respect to Li(bcc), B(α) and H 2 (gas) at T=0K with ZPE by the method described in Ref. 10 , and we get -154.8, -155.2 and -154.0 kJ/(mol LiBH 4 ) for the Pnma-XRD, -NPD and -SA LiBH 4 compounds, respectively. These values strongly deviate from the formation enthalpies in Ref. 10 [-230 .330 and -239.988 kJ/(mol LiBH 4 )] for the Pnma-XRD and Pnma-SA LiBH 4 structures, but agree well with the formation enthalpy of the Pnma-XRD structure from Miwa et al.
7 DFT-US-PBE calculations [-160 kJ/(mol LiBH 4 )]. Even though the source of such large formation enthalpy differences between our work and Ref. 10 is currently unknown, our DFT calculations provide reliable results: with different exchange-correlations (PBE and PW91) or different potentials (PAW, US and FLAPW), all yield the consistent geometry and energetic results (Table I and II) , and our results on the Pnma-XRD LiBH 4 structure are in good agreement with Miwa et al. 7 DFT-US-PBE calculations of geometries (lattice constants and bond lengths) and energetics (the formation enthalpy). Although the energies of the three LiBH 4 structures (Pnma-XRD, -NPD and -SA) are degenerate, it is interesting to notice that they have significantly different lattice constants (Table I) , especially between the Pnma-NPD and -SA LiBH 4 structures (Table I) . The total energy of each interpolated structure is then calculated from PAW-PBE (Fig. 3) . When we take the Pnma-SA and -NPD LiBH 4 structures directly from Refs. 9 and 10 (no geometry relaxations) to interpolate (the black circled line in Fig.  3) , we see that the Pnma-NPD unrelaxed structure has a slightly higher energy (∼6 meV/fu) than the theoretical Pnma-SA unrelaxed structure (Table II) . As the interpolated structure moves towards the Pnma-SA structure, there is an initial decrease in the energy (since the reference states are not relaxed) followed by a relatively small barrier (∼5 meV/fu). If the reference states (Pnma-SA and Pnma-NPD) are now fully relaxed, the interpolated path (the red squares + solid line in Fig. 3 ) between them is qualitatively different than the unrelaxed one (the black circled line in Fig. 3 ): the local minimum at x=0.1 disappears and the Pnma-SA structure is 2 meV/fu higher in energy than the NPD structure. Additionally, we find a 8 meV/fu barrier along the interpolated path. Finally, the atomic positions of the interpolated structures are fully relaxed (while the basis vectors are fixed) which gives a 4 meV/fu barrier (the red dashed line in Fig. 3 ). Since the energy differences and barriers between end points are only few meV/fu, relatively low temperature could allow for fluctuations of Pnma-NPD LiBH 4 structure into the Pnma-SA structure. Thus, we suggests that the LiBH 4 potential energy surface is essentially flat, and it is easy to transfer from one LiBH 4 structure to another by keeping the Pnma space group with different lattice constants. We also notice that if fluctuations from Pnma-NPD to Pnma-SA occur with increasing temperature, the a lattice vector would increase, but b and c would decrease. Such thermal expansion indicates an anharmonicity in the LiBH 4 compound. This flat potential energy surface and anharmonicity phenomena agree well with the experimental thermal expansion observations 5 : with an increase in temperature from 90 K to 380 K, the Pnma unit cell volume increases by ∼2Å 3 /fu, while the b vector initially expands upto 300 K but then continuously contracts on heating from 300 K to 380 K.
In conclusion, we have studied LiBH 4 in a variety of crystal structures using DFT free energy calculations. Our calculations show that the experimentally observed structure is the lowest energy in DFT. However, multiple LiBH 4 structures are degenerate with the experimental ground state crystal structure and there exists a relatively flat potential energy landscape between them. These degenerate structures include the recently theoretically predicted LiBH 4 structure 10 , which the authors claimed to be ∼100 meV/fu lower in energy than the experimentally XRD determined LiBH 4 structure. Our calculations do not support these previous claims, and hence resolve this discrepancy between DFT and experiment. Moreover, it is interesting to notice that there is an energetic degeneracy of the ground state of other metal borohydrides, such as Mg(BH 4 ) 2 and Ca(BH 4 ) 2 although lattice constants and densities are
